Cocaine addiction continues to be a significant public health problem for which there are currently no effective FDA-approved treatments. Thus, there is a clear need to identify and develop novel pharmacotherapies for cocaine addiction. Recent evidence indicates that activation of glucagon-like peptide-1 (GLP-1) receptors in the ventral tegmental area (VTA) reduces intake of highly palatable food. As the neural circuits and neurobiological mechanisms underlying drug taking overlap to some degree with those regulating food intake, these findings suggest that activation of central GLP-1 receptors may also attenuate cocaine taking. Here, we show that intra-VTA administration of the GLP-1 receptor agonist exendin-4 (0.05 μg) significantly reduced cocaine, but not sucrose, self-administration in rats. We also demonstrate that cocaine taking is associated with elevated plasma corticosterone levels and that systemic infusion of cocaine activates GLP-1-expressing neurons in the nucleus tractus solitarius (NTS), a hindbrain nucleus that projects monosynaptically to the VTA. To determine the potential mechanisms by which cocaine activates NTS GLP-1-expressing neurons, we microinjected corticosterone (0.5 μg) directly into the hindbrain fourth ventricle. Intraventricular corticosterone attenuated cocaine self-administration and this effect was blocked in animals pretreated with the GLP-1 receptor antagonist exendin-(9-39) (10 μg) in the VTA. Finally, AAV-shRNA-mediated knockdown of VTA GLP-1 receptors was sufficient to augment cocaine self-administration. Taken together, these findings indicate that increased activation of NTS GLP-1-expressing neurons by corticosterone may represent a homeostatic response to cocaine taking, thereby reducing the reinforcing efficacy of cocaine. Therefore, central GLP-1 receptors may represent a novel target for cocaine addiction pharmacotherapies.
INTRODUCTION
The reinforcing effects of cocaine are primarily dependent upon activation of the mesolimbic dopamine system (Pierce and Kumaresan, 2006) . Dopaminergic projections from the ventral tegmental area (VTA) to forebrain structures including the nucleus accumbens (NAc) play a critical role in cocaine taking and seeking (Schmidt et al, 2005) . In addition to regulating drug taking, dopamine projections from the VTA to the NAc also influence food intake (Kenny, 2011b; Narayanan et al, 2010) . Indeed, studies of the neurobiological mechanisms underlying motivated feeding behavior have informed much of the basic research investigating neural substrates of drug addiction (Kenny, 2011a) .
Glucagon-like peptide-1 (GLP-1), an incretin hormone released predominantly from L cells of the small intestine and neurons in the nucleus tractus solitarius (NTS) of the caudal brainstem (Grill and Hayes, 2012; Holst, 2007) , is essential for the normal control of food intake in both humans (Gutzwiller et al, 1999a, b) and animal models (Barrera et al, 2011; Turton et al, 1996) . Activation of GLP-1 receptors produces a number of physiological responses including enhanced insulin secretion, inhibition of gastric emptying, and reduced food intake (Hayes et al, 2010; Holst, 2007; Kanoski et al, 2011; Lovshin and Drucker, 2009; Ruttimann et al, 2009 ). Based on their roles in regulating blood glucose levels, food intake, and body weight, GLP-1 receptor (GLP-1R) agonists are FDA approved for the treatment of type 2 diabetes mellitus (Lovshin and Drucker, 2009 ) and obesity (Shukla et al, 2015) .
Emerging evidence indicates that GLP-1R agonists reduce food intake, in part, by direct activation of GLP-1Rs expressed in the brain (Kanoski et al, 2011; Secher et al, 2014; Sisley et al, 2014) . Of interest to the drug addiction field is the growing body of research showing that GLP-1, like many metabolic endocrine factors, regulates feeding behaviors by direct modulation of the mesolimbic reward system (Williams and Elmquist, 2012) . Indeed, GLP-1-producing neurons in the NTS project directly to the VTA and activation of GLP-1Rs in the VTA suppresses feeding behavior by modulating the rewarding value of highly palatable food (Alhadeff et al, 2012; Dickson et al, 2012) . Given that the reinforcing effects of drugs of abuse, including cocaine, are regulated by neural circuits that include the VTA (Pierce and Kumaresan, 2006) , these findings suggest that GLP-1R signaling in the mesolimbic dopamine system may also influence nonfeeding motivated behaviors such as drug addiction. However, no studies to date have investigated the role of central GLP-1Rs in voluntary cocaine taking.
The present study had four main goals: (1) to determine the role of GLP-1Rs in the VTA in cocaine self-administration; (2) to determine the effects of voluntary cocaine taking on activation of GLP-1-producing neurons in the NTS; (3) to evaluate the potential mechanism(s) underlying cocaineinduced activation of GLP-1-producing neurons in the NTS; and (4) to examine whether endogenous GLP-1R activation in the VTA reduces the reinforcing efficacy of cocaine. Our results indicate that stimulation of GLP-1Rs in the VTA is sufficient to reduce cocaine taking. Consistent with these effects, viral-mediated knockdown of VTA GLP-1R expression was associated with increased cocaine taking on a progressive ratio (PR) schedule of reinforcement, indicating that endogenous GLP-1R signaling in the VTA decreases motivation to self-administer cocaine. Furthermore, we show that systemic cocaine increases activation of NTS GLP-1-producing neurons through a putative corticosteronemediated mechanism of action that increases endogenous GLP-1R signaling in the VTA. Taken together, the present findings suggest that central GLP-1Rs may represent a new target for the development of novel medications to treat cocaine addiction.
MATERIALS AND METHODS

Animals and Housing
Male Sprague-Dawley rats (Rattus norvegicus) weighing 225-250 g were obtained from Taconic Laboratories. Animals were individually housed with food and water available ad libitum in their home cage. A 12 : 12 h light/dark cycle was used with the lights on at 0700 h. All experimental procedures were performed during the light cycle. The experimental protocols were consistent with the guidelines issued by the US National Institutes of Health and were approved by the institutional animal care and use committee of the University of Pennsylvania.
Surgery
Before surgery, rats were anesthetized with 80 mg/kg ketamine and 12 mg/kg xylazine (Sigma-Aldrich, St Louis, MO). An indwelling catheter (CamCath, Cambridge, UK) was inserted into the right jugular vein and sutured in place. The catheter was routed to a mesh backmount platform that was implanted subcutaneously dorsal to the shoulder blades. Catheters were flushed following each cocaine selfadministration session with 0.3 ml of antibiotic (Timentin, 0.93 mg/ml) dissolved in heparinized saline and sealed with plastic obturators when not in use.
After catheter insertion, some rats were then immediately mounted in a stereotaxic apparatus (Kopf Instruments, CA) and implanted with cannulae for microinjections. Bilateral guide cannulae (26 gauge; Plastics One, Roanoke, VA) aimed at the VTA were implanted alone or together with a single guide cannula (26 gauge) aimed at the fourth ventricle. Guide cannulae were implanted 2 mm dorsal to their targeted structures and cemented in place by affixing dental acrylic to stainless steel screws secured in the skull. The coordinates for the ventral ends of the guide cannulae, according to the atlas of Paxinos and Watson (1997) , were as follows: VTA (relative to Bregma): − 6.8 mm A/P, ± 0.5 mm M/L, and − 6.6 mm D/V; fourth ventricle (relative to the occipital suture): +2.5 mm A/P, 0.0 mm M/L, and − 5.2 mm D/V. An obturator (33 gauge; Plastics One) was inserted into each guide cannula to prevent occlusion.
Cocaine Self-Administration
Rats were allowed 7 days to recover from surgery before behavioral testing commenced. Rats were initially allowed to lever press for intravenous infusions of cocaine on fixed-ratio 5 (FR5) schedule of reinforcement similar to our previously published methods ) (see Supplementary Materials and Methods for more details). Once rats achieved stable responding on the FR5 schedule, as defined by a o15% change in the total number of active lever responses on 2 consecutive days, they were switched to a PR schedule of reinforcement. Under the PR schedule, the response requirement for each subsequent infusion increased until the rat failed to meet a requirement in 30 min. The response requirement for the ith reinforcement was given by R(i) = (5e 0.2i − 5). The breakpoint was operationally defined as the last response requirement completed before the termination of the PR test session. PR schedules of reinforcement are commonly used to assess the reinforcing efficacy of drugs and natural rewards (Hodos, 1961) . With regard to the present study, lower breakpoints reflect decreased reinforcing efficacy of cocaine (Richardson and Roberts, 1996) . Although neither FR nor PR schedules quantify all aspects of drug reinforcement, PR schedules are more appropriate for measuring changes in reinforcer efficacy (Arnold and Roberts, 1997) .
Once rats had stabilized their responding for cocaine on the PR schedule (∼5 days), the effects of intra-VTA administration of the GLP-1R agonist exendin-4 on cocaine selfadministration were evaluated. Using a between-session, within-subjects design, vehicle and exendin-4 (0.005 and 0.05 μg) were microinjected into the VTA immediately before a PR test session. The effects of corticosterone infusions directly into the fourth ventricle on cocaine selfadministration were tested in separate groups of rats that maintained stable responding on the PR schedule. Using a between-session, within-subjects design, vehicle and hydroxypropyl-β-cyclodextrin-complexed corticosterone (0.05 and 0.5 μg) were infused directly into the fourth ventricle 15 min before a PR test session. For all experiments, doses were counterbalanced across test days and each test day was separated by at least one day of self-administration in the absence of a treatment to ensure that responding returned to baseline before being tested on the next dose. Potential nonspecific rate-suppressing effects of intra-VTA exendin-4 and intracerebroventricular (ICV) corticosterone were evaluated by assessing the influence of these compounds on sucrose self-administration maintained on the same PR schedule used for the aforementioned cocaine studies (see Supplementary Methods and Materials for more details).
In order to determine whether activation of VTA GLP-1Rs is required for corticosterone-induced attenuation of cocaine taking, the GLP-1R antagonist exendin-(9-39) was microinjected into the VTA before infusions of corticosterone into the fourth ventricle. For this study, a separate cohort of rats was infused with 10 μg exendin-(9-39) or vehicle into the VTA and returned to their home cages. Ten minutes later hydroxypropyl-β-cyclodextrin-complexed corticosterone (0.5 μg) or vehicle was infused directly into the fourth ventricle. Rats were then returned to their home cages for 15 min before a PR test session. A between-session, withinsubjects design was used and doses were counterbalanced across PR test sessions.
Corticosterone was administered into the fourth ventricle primarily because microinjections directly into the NTS produce illness-like behaviors in rats. Specifically, intra-NTS infusions of artificial cerebrospinal fluid have been shown to produce conditioned-taste avoidance (Kanoski et al, 2012) . Therefore, it is possible that infusions into the NTS could produce generalized avoidance behaviors that would make drawing firm conclusions about our cocaine studies difficult.
Microinjection Procedures
The obturators were removed from the guide cannulae and 33-gauge stainless steel microinjectors (Plastics One) were inserted. Bilateral infusions into the VTA were performed in a total volume of 100 or 200 nl. Infusions into the fourth ventricle were performed in a total volume of 1.0 μl. Following infusion, microinjectors were left in place for an additional 1 min in order to allow for diffusion of the drug solution away from the tips of the microinjectors. Using a within-subjects design, each animal served as its own control. To control for potential rank order effects of drug and vehicle administrations, all treatments were counterbalanced across PR test sessions. Cannula placements were verified according to previously described protocols (Hayes et al, 2009; Schmidt et al, 2009 ) (see Supplementary Materials and Methods for more details).
Viral-Mediated GLP-1 Receptor Knockdown
To create a short hairpin RNA (shRNA) targeting GLP-1R transcripts, RNA sequences for reduced GLP-1R expression (Origene) were screened in vitro according to previously published methods (Mietlicki-Baase et al, 2015) . Briefly, a plasmid designed to express GLP-1Rs (NM_053816; Origene) was transiently transfected alone or in combination with an RNA sequence to reduce GLP-1R expression in a rat immortalized hypothalamic neuronal cell line (R-19; Cedarland Labs). The most robust knockdown of GLP-1Rs was obtained using the following shRNA sequence: 5′-GAT CGGGTTGCTGGTGGAAGGCGTGTATCTGTACTCAAGA GGTACAGATACACGCCTTCCACCAGCAACCTTTTTT-3′.
Our preliminary in vitro studies demonstrated~88% knockdown of GLP-1R expression in a rat neuronal cell line transfected with this shRNA (data not shown).
To knock down GLP-1R expression in vivo, this shRNA sequence was cloned and packaged into an adeno-associated virus (AAV) (serotype 1; titer = 5.22e12) in collaboration with the Viral Core at the University of Pennsylvania. A GFP-expressing AAV (titer = 5.0e12) was used as a control. To determine the functional significance of endogenous GLP-1R signaling in the VTA, rats were surgically implanted with catheters and VTA-directed guide cannulae as described above. Once rats achieved stable cocaine self-administration on FR5, AAV-expressing GFP (AAV-GFP) or the GLP-1R shRNA (AAV-GLP-1R-shRNA) was infused bilaterally into the VTA (100 nl/hemisphere over 1 min). Microinjectors were left in place for an additional minute after infusion to allow for diffusion away from the injection site. Following an additional 14 days of cocaine self-administration on FR5, motivation to self-administer cocaine was assessed for two consecutive days using a PR schedule. Following cocaine self-administration, brains were dissected and 1 mm 2 bilateral micropunches of the VTA were collected to assess GLP-1R expression using quantitative real-time PCR (qPCR). GLP-1R levels were quantified using Taqman gene expression kits (GLP-1R: Rn00562406_m1; GapDH: Rn01775763_g1; Life Technologies) and PCR reagents (Applied Biosystems). qPCR was conducted using an Eppendorf Mastercycler ep realplex2 and the comparative threshold cycle method was used to quantify relative mRNA expression. A VTA-containing coronal section (30 μm) was collected from each brain to verify correct placement of AAV injections by visualizing GFP fluorescence (see Figure 6a for a representative placement).
Cocaine Self-Administration and Yoked Saline Controls
Rats underwent catheterization as described above and were allowed to recover for 7 days before cocaine selfadministration commenced. Rats were randomly assigned to one of two groups: cocaine-experimental or yoked saline controls. Each rat trained to respond for contingent cocaine infusions was paired with a yoked rat that received infusions of saline. Lever pressing for the saline-yoked rats had no scheduled consequences, but these animals received the same number and temporal pattern of infusions as self-administered by the paired cocaine-experimental rat. Cocaine-experimental rats were allowed to lever press for intravenous cocaine infusions on FR1 and FR5 schedules as described above for a total of 21 days.
Plasma Corticosterone
Immediately after the last self-administration session, one half of the cocaine-experimental and yoked-saline control rats were decapitated. Trunk blood was collected directly into tubes containing heparin and immediately placed on ice. Blood was centrifuged to allow separation of plasma that was collected and frozen at − 80°C until assayed using the corticosterone ELISA kit (Enzo Life Sciences, Farmingdale, NY) according to the manufacturer's instructions. Plasma samples were analyzed in duplicate using two ELISA kits. Sample corticosterone concentrations were determined by nonlinear regression from the standard curves. The mean coefficient of intraassay variation determined from replicates of randomly chosen samples analyzed in the same assay was 9.6%. The mean coefficient of interassay variation determined from replicates of randomly chosen samples analyzed in different assays was 18.2%.
Immunohistochemistry
At 90 min following an intraperitoneal injection of cocaine (10 mg/kg) or saline, rats were deeply anesthetized and transcardially perfused with 0.1 M PBS, pH 7.4, followed with 4% formalin in 0.1 M PBS. We chose to administer a bolus dose of cocaine with a 90-min delay before killing to be consistent with previous studies examining c-fos activation in brain nuclei following cocaine exposure and to ensure equivalent and robust plasma cocaine concentrations across all rats (Buffalari and Rinaman, 2014; Zahm et al, 2010) . Brains were removed and postfixed in 10% formalin overnight and then cryoprotected in 20% sucrose in 0.1 M PBS at 4°C for 3 days. Coronal sections (35 μM) were cut from the hindbrain using a cryostat (Leica 3050S; Leica, Deerfield, IL). Brain sections were stored in 0.1 M PBS at 4°C until processed. Immunofluorescence in the NTS was quantified in each brain (n = 4/treatment) using four representative coronal sections taken at the level of the obex. Double immunostaining for the GLP-1 precursor peptide preproglucagon (GLP-1) and c-fos was performed on freefloating coronal sections containing the NTS according to modified procedures from our previously published studies (Alhadeff et al, 2012; Holland et al, 2014 ) (see Supplementary Materials and Methods for more details).
To investigate whether increased plasma corticosterone levels are associated with activation of GLP-1-producing neurons in the NTS, corticosterone was administered to drug-naive rats. At 30 min after rats received an acute injection of corticosterone (15 mg/kg, s.c.) or vehicle, animals were perfused and brains were removed and postfixed in 10% formalin overnight as described above. Double immunohistochemistry was performed as described in the Supplementary Materials and Methods. Immunofluorescence in the NTS was quantified in each brain (n = 3/ treatment) using four representative coronal sections taken at the level of the obex. The dose of corticosterone was based on a previous study that examined the effects of peripheral corticosterone on central GLP-1 expression (Zhang et al, 2009 ).
Drugs
Cocaine was obtained from the National Institute on Drug Abuse (Rockville, MD) and dissolved in bacteriostatic 0.9% saline. Exendin-4 and exendin-(9-39) were purchased from the American Peptide Company (Sunnyvale, CA) and were dissolved in artificial cerebrospinal fluid (aCSF; Harvard Apparatus, Holliston, MA). Hydroxypropyl-β-cyclodextrincomplexed corticosterone was purchased from SigmaAldrich and dissolved in sterile 0.9% saline. The dose ranges and time course of administration for each of the aforementioned pharmacological compounds were based on the following intracranial microinjection experiments in rats: exendin-4 (Alhadeff et al, 2012; Mietlicki-Baase et al, 2013), exendin-(9-39) (Alhadeff et al, 2012) , and hydroxypropyl-β-cyclodextrin-complexed corticosterone (Graf et al, 2013 ).
Statistics
For the cocaine self-administration experiments utilizing exendin-4 in the VTA or corticosterone in the fourth ventricle, the total mean active lever responses, inactive lever responses, infusions, and breakpoints were analyzed with one-way repeated measures ANOVAs. Total mean active lever responses, inactive lever responses, infusions, and breakpoints for the VTA exendin-(9-39)+fourth ventricle corticosterone experiments were analyzed with two-way repeated measures mixed-factors ANOVAs. Pairwise comparisons were made with Tukey's HSD (po0.05) following all one-way ANOVAs and Bonferroni correction following two-way ANOVAs (po0.05). Total mean active lever responses, inactive lever responses, pellets, and breakpoints for all sucrose self-administration test sessions were analyzed with paired t-tests. Plasma corticosterone levels and total mean active lever responding in the cocaine-experimental and yoked-saline control rats as well as PR data in the AAV studies were analyzed with unpaired t-tests.
RESULTS
Intra-VTA Administration of the GLP-1R Agonist Exendin-4 Attenuates Cocaine Self-Administration at a Dose Subthreshold for Effects on Sucrose Self-Administration in Rats
Total active lever responses, breakpoints, and total number of cocaine infusions (mean ± SEM) in animals pretreated with exendin-4 (vehicle and 0.005 or 0.05 μg, n = 7/treatment) in the VTA and responding for cocaine (0.75 mg/kg) are shown in Figure 1a -c, respectively. These data were analyzed with separate one-way ANOVAs that revealed significant main effects of treatment on total active lever responding (F(2, 20) = 10.29, po0.01), breakpoints (F(2, 20) = 10.68, po0.01), and infusions (F(2, 20) = 11.49, po0.01). Subsequent pairwise analyses showed that total active lever responses, breakpoints, and total infusions were significantly different between rats pretreated with vehicle and those pretreated with 0.05 μg exendin-4 (Tukey's HSD, po0.05). No significant differences were found on inactive lever responding between treatments (F(2, 20) = 1.0, p = 0.40; data not shown).
To generate a cocaine dose-response curve, a separate cohort of rats (n = 11) was allowed to self-administer lower (0.19 mg/kg) and higher (1.5 mg/kg) unit doses of cocaine than the dose used in Figure 1 (0.75 mg/kg). Total active lever responses, breakpoints, and total number of cocaine infusions (mean ± SEM) in animals pretreated with exendin-4 (vehicle or 0.05 μg) in the VTA are shown in Supplementary Figure  S1A -C, respectively. These data were analyzed with separate two-way repeated measures ANOVAs that revealed significant treatment × unit cocaine dose interactions for total active lever responding (F(1, 10) = 25.99, po0.001), breakpoints (F(1, 10) = 9.673, po0.05), and infusions (F(1, 10) = 4.856, po0.05). Subsequent pairwise analyses showed that total active lever responses, breakpoints, and total infusions were significantly different between rats pretreated with vehicle and those pretreated with 0.05 μg exendin-4 for each dose of self-administered cocaine (Tukey's HSD, po0.05). No significant differences were found on inactive lever responding between treatments (F(1, 10) = 0.31, p = 0.59; data not shown).
Although intra-VTA administration of exendin-4 had no significant effect on inactive lever responding, one could argue that responses were uniformly too low to meaningfully assess potential rate-suppressant effects of drug treatment. Therefore, we also assessed the ability of intra-VTA microinjections of exendin-4 to alter sucrose self-administration. Total active lever responses, breakpoints, and total sucrose pellets are shown in Figure 1d -f, respectively, for rats (n = 10) pretreated with vehicle or 0.05 μg exendin-4 directly into the VTA before sucrose self-administration sessions. There were no significant differences in total active lever responding (t(9) = 1.24, p = 0.25), breakpoints (t(9) = 1.16, p = 0.28), or total pellets self-administered (t(9) = 1.37, p = 0.21) between treatments. Taken together with the cocaine self-administration studies above, these data indicate that attenuation of cocaine taking following administration of 0.05 μg exendin-4 into the VTA is not because of drug-induced motor impairments and that this behaviorally relevant dose of exendin-4 does not alter sucrosetaking behavior. These findings are consistent with a previous study demonstrating that intra-VTA infusions of a similar dose of exendin-4 (0.03 μg) does not alter locomotor activity or 2 h sucrose intake (Dickson et al, 2012) .
Cocaine Self-Administration Increases Plasma Corticosterone Levels
In order to replicate previously published studies demonstrating elevated plasma corticosterone levels in rats self-administering cocaine (Galici et al, 2000; Goeders and Guerin, 1996; Mantsch et al, 2000) , we allowed rats to selfadminister cocaine and each cocaine-experimental rat was paired with a yoked-saline control that received the same number and temporal pattern of infusions (n = 14/treatment). Total active lever responses (mean ± SEM) for the last day of cocaine self-administration are shown in Figure 2a . There was a significant difference in active lever responding between cocaine-experimental and yoked-saline control rats (t(26) = 10.41, po0.001). Plasma corticosterone levels ( Figure 2b) were significantly greater in cocaine-experimental rats compared with yoked-saline control rats (t(26) = 2.65, po0.01). These findings clearly indicate that cocaine taking is associated with elevated plasma corticosterone levels.
Peripheral Corticosterone Administration Increases Activation of GLP-1-Producing Neurons in the NTS
GLP-1 is the primary posttranslational product of the preproglucagon (PPG) gene and central GLP-1 is produced almost exclusively in the NTS of the caudal brainstem (Han et al, 1986; Larsen et al, 1997) . There is some evidence that corticosterone administration dynamically alters PPG transcription in the NTS and increases central GLP-1 release in rats (Zhang et al, 2009) . Therefore, we hypothesized that peripheral corticosterone administration would increase activation of GLP-1-producing PPG neurons in the NTS. Activation of NTS GLP-1-producing neurons, as measured by double immunohistochemistry to label c-fos and PPG (precursor to GLP-1) at the level of the obex, was increased in rats treated with corticosterone (15 mg/kg, s.c.) when Figure 1 Administration of the GLP-1 receptor agonist exendin-4 into the VTA dose-dependently attenuates cocaine self-administration maintained on a PR schedule of reinforcement. Rats were pretreated with infusions of vehicle and 0.005 or 0.05 μg exendin-4 directly into the VTA before a cocaine (0.75 mg/ kg/infusion) self-administration test session (n = 7 per treatment). Total number of active lever responses (a), breakpoints (b), and total cocaine infusions (c) (mean ± SEM) were significantly different between rats pretreated with intra-VTA infusions of vehicle and 0.05 μg exendin-4. *Po0.05 (Tukey's HSD). Intra-VTA administration of exendin-4 does not affect sucrose self-administration. No significant differences in total active lever responses (d), breakpoints (e), and total sucrose pellets self-administered (f) (mean ± SEM) were noted in rats pretreated with vehicle or 0.05 μg exendin-4 in the VTA before sucrose PR test sessions (n = 10 per treatment; p40.05, paired t-test).
compared with vehicle-treated controls (Figure 2c) . A representative image of colocalization of c-fos and PPG immunoreactivity in the caudal NTS of a corticosteronetreated rat is shown in Figure 2d . Total percentages of c-Fospositive cells coexpressing PPG (t(5) = 2.64, po0.05) and PPG-positive cells coexpressing c-Fos (t(5) = 4.40, po0.01) were significantly increased in the NTS of rats treated with corticosterone compared with vehicle-treated controls (Figure 2e and f, respectively) . Approximately 33% of GLP-1-producing neurons in the NTS were activated in rats treated with corticosterone. Importantly, there were no differences in total PPG-expressing cells between treatments (data not shown). These data support the hypothesis that cocaine-induced increases in plasma corticosterone levels activate GLP-1-producing PPG neurons in the NTS.
Cocaine Increases Activation of NTS GLP-1-Producing Neurons
Rats receiving a systemic injection of cocaine or saline were used to determine whether cocaine can increase activation of GLP-1-producing neurons in the NTS, as measured by expression of c-fos in GLP-1-immuno-positive neurons. Representative images of cells in the NTS double labeled for GLP-1 and c-fos are shown in Figure 3a . Although the total number of GLP-1-positive cells did not differ between treatments (Figure 3b ; t(6) = 0.76, po0.48), there was a significant difference in total c-fos-positive cells between cocaine-experimental rats and yoked-saline controls as expected (Figure 3c ; t(6) = 56.73, po0.0001). Quantification of colabeling in NTS neurons revealed that 70.4 ± 1.42% of GLP-1-expressing neurons in the NTS are c-fos positive and 26.3 ± 0.93% of c-fos-expressing neurons in the NTS are GLP-1 positive in cocaine-experimental rats (Figure 3d ). These results clearly indicate that systemic cocaine increases activation of NTS GLP-1-expressing neurons and suggest that cocaine-induced increases in corticosterone signaling in the caudal brainstem may represent a compensatory mechanism to reduce cocaine consumption by activating the central GLP-1 system that sends direct monosynaptic projections to the VTA (Alhadeff  et al, 2012) . In order to determine whether increased corticosterone signaling in the caudal brainstem regulates cocaine taking, corticosterone was administered directly into the fourth ventricle. ICV infusions were chosen primarily because microinfusions directly into the NTS produce aversive-like behaviors in rats (Kanoski et al, 2012) . Total active lever responses, breakpoints, and total cocaine infusions (mean ± SEM) for animals pretreated with corticosterone (vehicle and 0.05 or 0.5 μg, n = 7/treatment) into the fourth ventricle before a cocaine self-administration test session are shown in Figure 4a -c, respectively. There were significant main effects of treatment on active lever responses (F(2, 20) = 4.00, po0.05), breakpoints (F(2, 20) = 4.62, po0.05), and total number of cocaine infusions (F(2, 20) = 4.14, po0.05). Subsequent pairwise analyses showed a significant difference between animals pretreated with 0.5 μg corticosterone and vehicle (Tukey's HSD, po0.05). No significant differences in responses made on the inactive lever were found between treatments (F(2, 20) = 0.04, po0.96; data not shown). Total active lever responses, breakpoints, and total sucrose pellets self-administered are shown in Figure 4d -f, respectively, for rats (n = 10) treated with vehicle or 0.5 μg corticosterone directly into the fourth ventricle before sucrose self-administration test sessions. There were no significant differences in total active lever responding (t(9) = 0.31, po0.77), breakpoints (t(9) = 0.23, po0.82), and total sucrose pellets self-administered (t(9) = 0.97, po0.36) between treatments. Taken together, these data indicate that attenuation of cocaine taking following administration of 0.5 μg corticosterone directly into the fourth ventricle is reinforce specific and not due to general motor suppressant effects of drug treatment.
Intra-VTA Administration of the GLP-1R Antagonist Exendin-(9-39) Blocks the Suppressive Effects of Fourth ICV Corticosterone Administration on Cocaine Taking
NTS GLP-1-expressing neurons send direct monosynaptic projections to the VTA (Alhadeff et al, 2012) . To determine whether fourth ICV corticosterone-induced attenuation of cocaine taking is mediated by increased endogenous GLP-1R signaling in the VTA, a separate cohort of rats was pretreated with the GLP-1R antagonist exendin-(9-39) before corticosterone infusions into the fourth ventricle. Total active lever responses, breakpoints, and total cocaine infusions (mean ± SEM) following corticosterone administration into the fourth ventricle are shown in Figure 5a -c, respectively (n = 13/treatment). There were significant brain region × treatment interactions for active lever responding (F(1, 24) = 5.01, po0.05), breakpoints (F(1, 24) = 5.91, po0.05), and total cocaine infusions (F(1, 24) = 6.37, po0.05). The post hoc analyses showed significant differences between vehicle+0.5 μg corticosterone and all other treatments. No significant differences on inactive lever responding were found between brain regions and treatments (F(1, 24) = 0.54, p = 0.47; data not shown). Microinjection sites targeting the VTA for all behavioral pharmacology experiments are shown in Supplementary Figure S2 . Taken together, these results strongly suggest that the intake suppressive effects of corticosterone in the caudal brainstem are due, in part, to increased GLP-1R activation in the VTA.
Decreased Expression of VTA GLP-1Rs Augments Cocaine Taking
To determine whether endogenous GLP-1R signaling in the VTA reduces motivation to self-administer cocaine, AAV-GFP and AAV-GLP-1R-shRNA were administered directly into the VTA of rats responding for cocaine on an FR5 schedule of reinforcement. At 14 days after infection, viralmediated expression of GFP in the VTA was maximal (Figure 6a ) and GLP-1R transcript expression was significantly reduced (~47%) in rats infected with AAV-GLP-1R-shRNA when compared with controls ( Figure 6b , (t(5) = 2.56, po0.05). Total cocaine infusions did not differ between treatments (t(16) = 0.16, po0.88) during the FR5 phase (data not shown). However, trends toward increased breakpoints (t(16) = 1.41, po0.17) and total cocaine infusions (t(16) = 1.50, po0.15) were observed during the first PR test in rats treated with AAV-GLP-1R-shRNA as compared with controls (Figure 6c and d) . During a subsequent PR test 24 h later, breakpoints (t(16) = 2.16, po0.05) and total cocaine infusions (t(16) = 2.20, po0.05) were significantly increased in rats infused with intra-VTA AAV-GLP-1R-shRNA compared with AAV-GFP controls (Figure 6e and f) . No Figure 4 Administration of corticosterone directly into the fourth ventricle dose-dependently attenuated cocaine self-administration. Total number of active lever responses (a), breakpoints (b), and total cocaine infusions (c) (mean ± SEM) following microinjections of vehicle and 0.05 and 0.5 μg corticosterone into the fourth ventricle of rats self-administering cocaine on a PR schedule of reinforcement (n = 7 per treatment). *Po0.05 for active lever responding and breakpoints between vehicle and 0.5 μg corticosterone (Tukey's HSD). Infusions of corticosterone directly into the fourth ventricle had no effect on sucrose self-administration. Total active lever responses (d), breakpoints (e), and total sucrose pellets (f) (mean ± SEM) in rats (n = 10 per treatment) self-administering sucrose pellets on a PR schedule of reinforcement. There were no significant differences between treatments (p40.05, paired t-test).
Figure 5
Corticosterone-mediated attenuation of cocaine self-administration is prevented in rats pretreated with infusions of the GLP-1 receptor antagonist exendin-(9-39) into the VTA. Intra-VTA infusions of 10.0 μg exendin-(9-39) prevented intracerebroventricular 0.5 μg corticosterone-mediated reductions in total active lever responses (a), breakpoints (b), and total cocaine infusions (c). There were significant differences in active lever responding and breakpoints between vehicle+corticosterone and all other treatments (*po0.05, Bonferroni correction, n = 13 per treatment).
significant changes in inactive lever responding were found between treatments on PR test day 1 (t(16) = 0.80, po0.44) and PR test day 2 (t(16) = 1.18, po0.26). These data suggest that increased endogenous GLP-1R activation in the VTA is a homeostatic response to drug taking that functions to reduce motivation to self-administer cocaine.
DISCUSSION
The current study is the first to our knowledge demonstrating a critical role for central GLP-1Rs in voluntary cocainetaking behavior. Specifically, administration of the GLP-1R agonist exendin-4 directly into the VTA attenuated cocaine self-administration in rats. The behaviorally relevant dose of exendin-4 that reduced cocaine taking did not affect sucrose self-administration, indicating that the suppressive effects of this dose of intra-VTA exendin-4 on cocaine self-administration are reinforce specific and not due to nonspecific effects (eg, general motor impairments).
The present results also demonstrate that cocaine taking is associated with increased plasma corticosterone levels and that systemic administration of cocaine activates GLP-1-producing neurons in the NTS. Moreover, peripheral administration of corticosterone increased activation of NTS GLP-1-producing neurons. Taken together, these findings suggest that cocaine taking may activate NTS GLP-1-producing neurons that project to the VTA through a corticosterone-mediated mechanism of action. Consistent with this hypothesis, infusions of corticosterone directly into the fourth ventricle attenuated cocaine self-administration. The suppressive effects of intraventricular corticosterone on cocaine taking were blocked in rats pretreated with intra-VTA infusions of the GLP-1R antagonist exendin-(9-39), indicating that hindbrain corticosterone reduces cocaine taking, in part, through activation of the endogenous central GLP-1 system. These data support the hypothesis that voluntary cocaine taking activates GLP-1-producing neurons in the NTS through a corticosterone-mediated mechanism of action and that increased GLP-1R signaling in forebrain areas, including the VTA, represents a negative-feedback response that reduces the reinforcing efficacy of cocaine. Consistent with this notion, reduced expression of endogenous GLP-1Rs in the VTA augmented cocaine selfadministration.
GLP-1 Receptors and Drug Addiction
Emerging evidence indicates that GLP-1Rs may play an important role in drug addiction and that systemic administration of GLP-1R agonists reduces the rewarding effects of drugs of abuse (Engel and Jerlhag, 2014; Skibicka, 2013) . Recent studies show that peripheral administration of a GLP-1R agonist attenuates psychostimulant-induced conditioned place preference (CPP) and that these effects are associated with reduced extracellular dopamine levels in the nucleus accumbens of mice (Egecioglu et al, 2013b; Graham et al, 2013) . Consistent with these studies, peripheral exendin-4 administration reduces nicotine-induced CPP and nicotine-induced increases in extracellular accumbens dopamine levels in mice (Egecioglu et al, 2013a) . Moreover, peripheral administration of exendin-4 or GLP-1 decreases alcohol consumption in both mice and rats (Egecioglu et al, 2013c; Shirazi et al, 2013) . These findings are certainly provocative and suggest a role for GLP-1Rs in drug addiction. However, drawing firm conclusions based on these studies is difficult primarily because of the exceedingly high doses of exendin-4 tested. Nausea and malaise-like symptoms are common adverse effects associated with high doses of peripherally administered GLP-1R agonists in both humans and rodents (Buse et al, 2009; Kanoski et al, 2012) . It is possible and likely that the very high doses of exendin-4 used in the aforementioned CPP studies are producing malaise-like effects. Indeed, decreased inactive lever responding, a measure of general motor suppressant effects of a drug treatment, was observed following peripheral exendin-4 pretreatment in rats self-administering alcohol (Egecioglu et al, 2013c) . Collectively, these limitations make it difficult to determine whether the effects of peripheral exendin-4 administration on drug reward are specific to drug reinforcement or are due to adverse malaise-like effects.
The present results contribute to and expand upon the aforementioned studies demonstrating a role for GLP-1Rs in drug addiction. Here, we show for the first time that stimulation of central GLP-1Rs is sufficient to attenuate voluntary cocaine-taking behavior in rats. These results are consistent with a recent study demonstrating that activation of GLP-1Rs in the VTA attenuates alcohol consumption in rats (Shirazi et al, 2013) . Thus, VTA GLP-1Rs mediate the reinforcing effects of both psychostimulants and alcohol.
Importantly, the behaviorally relevant dose of exendin-4 used in our study does not alter normal chow intake or promote pica, a rodent model of nausea, when injected into the VTA of rats (Alhadeff et al, 2012; Dickson et al, 2012) . Moreover, intra-VTA administration of exendin-4 did not affect sucrose self-administration in our study. Therefore, it is unlikely that the intake suppressive effects of intra-VTA exendin-4 on cocaine taking were due to malaise-like symptoms. Interestingly, our study identifies a dose of exendin-4 (0.05 μg) that selectively attenuates cocaine, but not sucrose, taking when infused into the VTA. In contrast, a previous study found that intra-VTA infusions of 0.03 μg exendin-4 decreased sucrose self-administration only transiently in the first 60 min of a 120 min operant session (Dickson et al, 2012) . In the present study, PR test sessions had durations of 90-120 min. Our data, therefore, are consistent with the findings of Dickson et al (2012) and indicate that doses of exendin-4 lower than those required to decrease sucrose self-administration may selectively attenuate cocaine taking when infused into the VTA. Taken together, these findings indicate that increased activation of GLP-1Rs in the VTA attenuates both cocaine and sucrose reinforcement and suggest that targeting VTA GLP-1R signaling may be an effective strategy to treat obesity and cocaine addiction.
The neurobiological mechanisms underlying the suppressive effects of intra-VTA exendin-4 on cocaine taking are not clear. Peripheral administration of exendin-4 is associated with decreased extracellular dopamine levels in the nucleus accumbens of mice receiving an injection of cocaine (Egecioglu et al, 2013b) . These results suggest that intra-VTA exendin-4 infusions may attenuate cocaine taking, in part, by reducing accumbens dopamine release. Recent evidence also indicates that activation of VTA GLP-1 receptors modulates glutamate signaling in the VTA of drug-naive rats (Mietlicki-Baase et al, 2013) . Future studies are therefore required to elucidate the neurochemical mechanisms underlying the effects of VTA GLP-1 receptor activation on cocaine taking.
NTS and Cocaine Addiction
Previous studies indicate that acute cocaine exposure increases c-fos expression, a measure of neuronal activity, in the NTS (Grabus et al, 2004; Zahm et al, 2010) . The NTS is a heterogeneous brain structure comprising distinct and segregated cell populations, including noradrenergic and peptidergic neurons, that integrate and modulate autonomic function, energy balance, and motivated feeding behaviors (Grill and Hayes, 2012; Rinaman, 2010) . Emerging evidence suggests that NTS noradrenergic neurons are activated by acute cocaine and may play an important role in cocaine seeking (Buffalari and Rinaman, 2014) . The present study expands upon these findings and demonstrates that systemic administration of cocaine increases c-fos expression in the NTS, with the most pronounced effects in the caudal NTS. The ability of cocaine to preferentially activate more caudal regions of the NTS is consistent with feeding studies showing that intake of highly palatable food, but not normal chow, is regulated by GLP-1 afferent projections from the caudal NTS to the VTA (Alhadeff et al, 2012; Dickson et al, 2012) . Our data also indicate that, in addition to GLP-1-positive cells, cocaine also increases activation of other distinct cell populations in the NTS. Approximately 75% of c-fos-positive cells in the NTS did not coexpress GLP-1 in cocaine-treated rats. The phenotype of these cells remains to be identified. However, it is possible that cocaine also activates noradrenergic cells in the NTS (Buffalari and Rinaman, 2014) . These data suggest that increased activation of NTS GLP-1-producing neurons may represent an endogenous negativefeedback response to cocaine taking that functions to reduce the reinforcing efficacy of cocaine. This hypothesis is supported by our finding that reduced endogenous GLP-1R expression in the VTA augments cocaine taking.
Mechanisms Underlying Cocaine-Induced Activation of GLP-1-Expressing Neurons in the NTS
GLP-1 is the primary posttranslational product of the PPG gene that is expressed in the brain almost exclusively in the NTS (Han et al, 1986; Larsen et al, 1997) . Transcription of PPG in the NTS is increased following corticosterone administration in drug-naive rats (Zhang et al, 2009) . Consistent with this study, we show that peripheral corticosterone administration increases activation of PPG-expressing/GLP-1-producing neurons in the NTS. Moreover, cocaine self-administration was associated with increased plasma corticosterone levels, suggesting that cocaine taking may increase activation of GLP-1-producing neurons in the NTS through a corticosterone-mediated mechanism of action. This hypothesis is supported by our studies showing that administration of corticosterone directly into the fourth ventricle attenuated cocaine self-administration and that these effects were blocked in animals pretreated with intra-VTA infusions of a GLP-1R antagonist. These findings indicate that cocaine-induced elevations in plasma corticosterone activate GLP-1-producing neurons in the caudal NTS and increase endogenous GLP-1 signaling in the VTA to reduce cocaine taking. In addition to the VTA, NTS GLP-1-producing neurons target distinct forebrain regions implicated in cocaine taking and seeking including the nucleus accumbens, amygdala, lateral septum, lateral hypothalamus, and tegmental nuclei (Gu et al, 2013; Merchenthaler et al, 1999; Schmidt et al, 2005 Schmidt et al, , 2009 ). Therefore, it is possible that endogenous GLP-1R signaling in these nuclei also plays a role in the suppressive effects of hindbrain corticosterone on cocaine taking. A recent study showed that constitutive knockdown of GLP-1Rs augments cocaine-induced CPP, effects that are reversed when GLP-1Rs are reexpressed in the lateral septum (Harasta et al, 2015) . Together with our findings, these data indicate that activation of GLP-1Rs expressed in the VTA and lateral septum reduces the rewarding and reinforcing effects of cocaine.
The role of corticosterone in cocaine addiction is not entirely clear. The present results are consistent with previous studies demonstrating that cocaine self-administration is associated with increased plasma and central levels of corticosterone (Galici et al, 2000; Goeders and Guerin, 1996; Mantsch et al, 2000) . It has been shown that systemic and intraaccumbens administration of corticosterone enhances/facilitates the acquisition of cocaine taking (Deroche et al, 1997; Goeders and Guerin, 1996) as well as the reinstatement of cocaine seeking (Graf et al, 2013) . However, corticosterone may not be necessary for the on-going consumption of cocaine. Although administration of metyrapone, a corticosterone synthesis inhibitor, reduces maintenance of cocaine self-administration, these effects are not correlated with decreased plasma corticosterone levels (Goeders and Guerin, 2008; Guerin et al, 2014) . Consistent with these results, adrenalectomy does not affect cocaine self-administration (Guerin et al, 2014) . Our findings show that peripheral corticosterone administration increases activation of NTS GLP-1-producing neurons and that increased corticosterone signaling in the hindbrain decreases cocaine taking. These data clearly indicate that corticosterone signaling in the hindbrain/NTS functions to reduce the reinforcing efficacy of cocaine. Thus, the ability of central corticosterone to facilitate cocaine taking depends upon the neural circuits engaged and the stage of the addiction cycle (ie, acquisition vs maintenance of cocaine taking).
CONCLUSIONS
The present findings demonstrate a novel role for central GLP-1Rs in cocaine self-administration and that cocaine taking putatively increases corticosterone-mediated activation of GLP-1-producing neurons in the NTS. This cocaine-induced increase in activation of NTS GLP-1-producing neurons that project to the VTA may represent a compensatory mechanism to reduce the reinforcing efficacy of cocaine. Thus, we have identified a novel circuit that functions as a 'brake' to reduce further cocaine consumption. Although activation of NTS GLP-1 projections to the VTA reduces the reinforcing efficacy of cocaine (present findings) and palatable food (Alhadeff et al, 2012) , our findings indicate that lower doses of GLP-1R agonists are sufficient to selectively reduce cocaine taking. In addition to investigating the effects of GLP-1R agonists on cocaine reinforcement in humans, clinical trials will also have to determine the potential side effects of GLP-1 agonists in human cocaine addicts including effects on insulin secretion, blood glucose metabolism, and gastrointestinal function. Our findings provide support for further preclinical and clinical investigations aimed at exploring the ability of GLP-1R ligands to reduce cocaine use in human addicts.
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